The nuclear localization of blue-staining flavanols was investigated histochemically throughout microsporogenesis in yellow cypress (Callitropsis nootkatensis (D. Don) Oerst., formerly Cupressus nootkatensis), juniper (Juniperus communis L.) and yew (Taxus baccata L.). During meiotic development, both the cytoplasm and nuclei of microspores of all species contained varying amounts of flavanols; however, the flavanols were largely confined to the nuclei in microspores just released from tetrads. Quantification by HPLC analysis indicated that, in all species, catechin and epicatechin were the dominant nuclear flavanols. At the early free microspore stage, the nuclear flavanols were barely detectable in all species, but they increased fivefold on incubation in the presence of 0.1 mM benzylaminopurine (BA) or zeatin. Histochemical studies revealed that, in addition to non-fluorescing flavanols, microspores contained yellow-fluorescing flavonoids, which yielded a distinct HPLC flavonoid profile for each species. In yellow cypress, the hydrolyzed flavonoids were identified as quercetin, apigenin, kaempferol and luteolin, whereas only quercetin and myricetin were found in microspores of juniper and in anthers of yew. Application of a UV-VIS titration technique revealed that the aglycone quercetin seems to interact more strongly with histone H3 than either glycoside rutin or kaempferol.
Introduction
Nuclei of various tree species have been shown to contain flavanols Polster 2001, Feucht et al. 2004a) . Flavanols have also been found in nuclei of all examined tissues of developing flower buds of tea (Camellia sinensis (L.) O. Kuntze; Feucht et al. 2004b ). Based on UV-VIS spectroscopic titrations, Polster et al. (2003 Polster et al. ( , 2006 showed that flavanols have the potential to associate with nuclear histones.
Phenols, including flavanols, are usually deposited in vacuoles and special cell walls, and the reason for the occurrences of such compounds in nuclei is unknown. Both catechin and epicatechin are transported from the ER to vacuoles where they are polymerized (Abrahams et al. 2003) . Small vesicles mediate transport from the ER-Golgi complex to vacuoles (Marty 1999) . Light microscopy studies have demonstrated that phenolic vacuoles are absent from coniferous microspores. The presence of flavanols in the nucleus thus indicates either direct vesicle transport of flavanols from the cytoplasm to the nucleus, or the production of flavonoids in the nucleus. Saslowski et al. (2005) have shown that chalcones, the key enzymes of the flavonoid pathway, are localized in the nuclei of Arabidopsis thaliana L., implying nuclear synthesis of flavonoids. We present evidence that microspore nuclei of three coniferous species-yellow cypress (Callitropsis nootkatensis (D. Don) Oerst., formerly Cupressus nootkatensis), juniper (Juniperus communis L.) and yew (Taxus baccata L.)-contain yellow-fluorescing flavonoids and blue-staining flavanols. Based on the findings of Mo et al. (1992) and Napoli et al. (1999) that the flavonol kaempferol at a micromolar concentration is involved in pollen germination and seed production, we evaluated whether histones are target molecules for the flavonols kaempferol, quercetin and rutin. Based on UV-VIS titration results, quercetin had a much stronger affinity for histone H3 than rutin, kaempferol, kaempferol-7-neohesperidoside or kaempferol-3-rhamnosidoglucoside.
Materials and methods

Plant material
Yellow cypress, juniper and yew (cvs. Corona and Pago) trees growing in the Botanical Garden of Weihenstephan, 30 km north of Munich were selected for study. The site has an elevation of 530 m and a mean annual rainfall of 650 to 750 mm. Experiments were conducted on three adult trees of each species over three years (2005) (2006) (2007) . Because environmental conditions during spring of 2007 were unfavorable for micro-spore production in juniper, we examined samples taken from six juniper trees in 2007.
The species varied in the time of onset of cone development and in the duration of microsporogenesis. Pollen mother cells were first visible in late July in yellow cypress, in mid-August in juniper and in early September in yew. Some annual variation in the timing of the later stages of microsporogenesis was also found. Trees were sampled systematically from late October to early December when the tetrads appeared. Thereafter, early free microspores were investigated in each species. At the early free microspore stage (4-6 weeks), samples of about 300-600 microspores per sampling date and species were collected at 1-week intervals for microscopic study. High performance liquid chromatography (HPLC) of nuclear flavanols was performed on 50 mg dry mass (DM) of microspores (post-tetrad stage) per species.
Histology
Flavanols were visualized by the p-dimethylamino-cinnamaldehyde (DMACA) staining method (Feucht and Nachit 1977) . For the histochemical studies, 1% DMACA was dissolved in 1.5 N sulfuric acid. To our knowledge, the only phenolic compounds that respond with a vivid blue color after 15 min in the presence of DMACA are monomeric and oligomeric flavanols. Photomicrographs of the blue-staining nuclear flavanols were taken with a Zeiss Axiom photomicroscope and scanned with a Nikon LE 450 Cool Scan Apparatus.
Yellow-fluorescing microspore flavonoids were detected by applying an aqueous solution of diphenylboric acid-β-aminoethylester (DPBA). After about 15 min, the bright yellow fluorescence was estimated with a Zeiss UV microscope equipped with exciter-barrier filter sets G 436, FT 510, LP 520 for cypress and yew, and BP 365, FT 395, LP 397 for juniper.
Isolation of microspores and extraction of phenols
From late December to early January, anthers from male cones of yew, juniper and yellow cypress were collected, frozen and lyophilized. Microspores were collected by shaking the lyophilized pollen sacs. The freeze-dried microspores of juniper and yellow cypress were ground with a pestle and mortar. Each 50 mg of microspores was extracted in 100% methanol for 30 min with sonication at 6°C. Following centrifugation, the supernatant was evaporated and re-suspended in methanol. Lyophilized yew anthers and microspores could not be separated by shaking. Therefore, fresh yew anthers were collected and pricked with a needle and the microspores gently squeezed into a drop of cold water on a microscope slide. The purity of the yew material was examined with the aid of both dissecting and light microscopes. Methanol was then added to the aqueous phase to obtain a concentration of about 80% (v/v) methanol for extraction of the flavanols as described for juniper and yellow cypress.
The methanol extracts were used immediately to estimate flavanol composition by HPLC. Other flavonoids were quantified by hydrolyzing aliquots of the methanol extracts with an equal volume of HCl containing 1% MeOH and boiling for 30 min in a sealed reaction vial. After hydrolysis, the aglycones were extracted three times with ethyl acetate. The combined supernatants were evaporated to dryness and the residue redissolved in a small amount of methanol and analyzed by HPLC.
Incubation of microspores in benzylaminopurine or zeatin
During the dormant period from mid-January to mid-March, starting about 4 weeks after release from the tetrads, samples of the early microspores (about 300-500 microspores per sample) of each species were incubated for 54 h in an aqueous solution of 0.1 mM benzyladenine (BA, Merck, Darmstadt). The optimum range of BA was 0.05 to 0.2 mM. (Alternatively, zeatin was applied at the same concentration and for the same time.) Both cytokinins stimulated flavanol synthesis, measured as an increase in absorbance. Sampling was done six times for each species at 2-week intervals.
Absorption measurements of nuclear catechins
The loss of nuclear flavanols during the dormant period was documented by microphotography and by polychromatic absorption measurements in the visible range with a microphotometer (Zeiss Mikroskop-Photometer SF) for the semiquantitative estimation of the blue-stained nuclei. Control and BA-treated samples were compared from January to March.
The nuclei in the photomicrographs were measured with a circular aperture (8-µm diameter), which allowed us to scan about 80 to 90% of the nuclear area. We present relative absorbances calculated from the measured transmission values of the nuclei (the measured colorless area adjacent to the nuclei was set to 100% transmission). Each value is the mean of 20 measurements. The blue-stained nuclei in samples collected in autumn (November to early December) were compared with the pale-blue-stained nuclei in samples collected in January, February and March. In a second set of experiments, BA-treated samples from January, February and March were compared with untreated controls from January, February and March.
Determination of flavonoids by HPLC
Phenolic compounds were separated on a column (250 × 4 mm I.D.) prepacked with Hypersil ODS, 3 µm particle size. The HPLC system consisted of an autosampler (Gilson-Abimed Model 231), two pumps (Kontron Modell 422) and a diode array detector (BioTek Kontron 540). For post-column derivatization, an additional analytical HPLC pump (Gynkotek Model 300 C) and a VIS detector 432 were used. Flavones and flavonols were detected at 280 nm. Flavanols were reacted with 1% DMACA in 3 N H 2 SO 4 in methanol MeOH to produce a colored complex with a peak absorbance at 640 nm.
Stepwise gradients were applied using mixtures of Solvent A (formic acid, 10% in water) and Solvent B (methanol) from 95:5 (v/v) to 10:90 (v/v) with a flow rate of 0.5 ml min -1 (Treutter et al. 1994 ). The gradient used was: 0-5 min, iso- 
Peak identification
Flavonoid peaks were identified based on UV absorbance, chromatographic behavior on HPLC, the development of a blue color following post-column derivatization and TLC (thin layer chromatography). Catechin, epicatechin and epigallocatechin were used as standards (Roth, Karlsruhe). Identification of flavones and flavonols was performed by comparing their chromatographic behavior on HPLC and TLC and their UV spectrum with those of standards (quercetin, myricetin, apigenin, kaempferol, luteolin) .
Cellulose plates (Merck) were used for two-dimensional separation (TLC) of flavanols. The solvents were: first direction, n-butanol:acetic acid:water (BAW, 4:1:2.2, v/v); second direction, 10% formic acid. Flavanol spots were visualized by spraying with DMACA reagent. The TLC was repeated 4 times (once weekly) per species.
Titration procedures
We recently showed that flavonols, especially quercetin, can associate with components of the histone-sulfate-containing histones H1, H2A, H2B, H3 and H4 ). These histone proteins, excluding H1, form the histone octamer complex around which DNA is rewound. Because histones aggregate among themselves, complex association equilibria should exist in a pure histone sulfate solution, making it difficult to identify those histone aggregates to which quercetin or other flavonoids are associated. For this reason, we studied the individual histone protein H3.
Quercetin dihydrate (4 mg ml -1 ), rutin trihydrate (6 mg ml -1 ), kaempferol (3 mg ml -1 ), kaempferol-7-neohesperidoside (6.4 mg ml -1 ) and kaempferol-3-rhamnosidoglucoside (6.2 mg ml -1 ) were prepared in ethanol. Calf thymus histone H3 (1 mg) was prepared in 1 ml of 0.1 M Tris-HCl buffer, pH 8.0, containing 3.3% ethanol.
Histone H3 solution (495 µl) was placed in a quartz cuvette of a diode array spectrometer (Hewlett Packard, Agilent Technologies, Series 8453), equipped with an HP 89090A Peltier temperature control accessory to maintain the cuvette temperature at 20°C, and the spectrum of the histone H3 solution recorded. Rutin, quercetin or kaempferol was then added to the cuvette in 15 × 0.2 µl, 3 × 0.4 µl, and 1, 2 or 3 × 0.8 µl steps (cf. figure legends). For each titration step, spectra were recorded after a 3-min interval to ensure a constant temperature of 20°C. Titrations were also carried out in the absence of histone H3.
Measured absorbances were corrected as:
where V o is original cuvette volume and V is total volume added by titration. Absorbance difference diagrams (i.e., ΔA λ 1 versus ΔA λ 2 ) were constructed with the corrected absorbance values as described previously (Polster and Lachmann 1989 , Polster et al. 2003 , Polster 2006 . The absorbance differences at the various wavelengths,
λ (without quercetin or rutin or kaempferol), belonging to each titration step (n) were then plotted against each other (leading to one of the Mauser diagrams).
Results
Yellow cypress
Late pollen mother cells of yellow cypress stained for flavanols with DMACA had centrally located nuclei that stained dark blue and were partially enclosed by cytoplasm that stained light blue ( Figure 1a ). The subsequent developmental stages of meiosis I are not shown because the fine-structured chromosome threads within the blue-colored diffuse area of the young microspores were difficult to discern. The late telophase I (dyads, not shown) and telophase II tetrads forming a quartet of haploid cells are evident in Figure 1b . Early tetrads still showed some blue-stained cytoplasm (Figure 1b , above) but staining faded away toward the late tetrad stage (Figure 1b, below) . When the early free microspores were released from the tetrads they had a dark blue nucleus and a nearly colorless cytoplasm (Figure 1c) .
Some bicellular pollen grains with a vegetative and generative nucleus were occasionally observed two weeks after the appearance of single microspores (Figure 1d ). The cytoplasm around the nuclei stained weakly for flavanols. Occasionally, single nuclei were extruded from the microspores, probably during preparation on the microscope slides (Figure 1d ).
About 4 weeks after microspore formation (i.e., early free microspore stage), the flavanol content of the nuclei decreased, as indicated by a significant reduction in the intensity of blue staining from dark blue to pale blue (Figure 1e*, above; Table 1 ). The weak staining during the early dormant period (January) was reversed by incubating microspore samples with cytokinin ( Figure 1e , below), which promoted flavanol synthesis up to the late free microspore stage. In February, cytokinin treatment resulted in an 8.2-fold increase in flavanols (Table 1) .
Treatment of uninucleate microspores with DPBA typically resulted in nuclei with bright yellow fluorescence (Figure 1f) . The nucleus occupied the microspore almost completely, and the greenish staining cytoplasm was barely discernible. Sometimes, however, excess yellow flavonoids in the microspores resulted in a drastic reduction in blue-staining flavanols, resulting in nuclei with a greenish color when stained with DMACA ( Figure 1g) . In rare cases, yellow compounds were observed outside the microspores and were associated with an almost complete loss of blue-staining nuclear flavanols when stained with DMACA ( Figure 1h) ; only in one case did the nucleus show a typical blue coloring (Figure 1h ). About 3% of the early free microspores developed an abnormal excess of yellow flavonoids and the nuclei stained only a pale blue with DMACA.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com 
Juniper
The nuclei of juniper pollen mother cells stained an intense blue with DMACA, indicating a high flavanol content (Figure 1i) . The surrounding cytoplasm stained a pale blue. Prophases I and II were indiscernible in the bluish nucleoplasm. All other meiotic phases in the microsporocytes were recognizable following DMACA staining.
The meiotic process normally ends with the formation of tetrads from which newly formed microspores segregate (Figure 1j) . On occasion, close inspection of the tetrads revealed that the cytoplasm had a faint yellow tinge (Figure 1k ). In 2007, granular spotting was frequently observed around the nuclei (Figure 1l ), indicating the presence of flavonoids or deposition of starch granules.
As found in yellow cypress, the early free microspores of juniper gradually lost the nuclear flavanols at the beginning of dormancy (early free microspore stage) and this process was reversed by incubating the microspores in the presence of cytokinin (Figure 1m ; cf. the two lightly colored nuclei in the control treatment (Figure 1m *, above) with the blue-stained nucleus in the cytokinin treatment (Figure 1m , below; Table 1). In March, there was a significant 5.6-fold increase in flavanols (from 0.086 to 0.482) in response to the BA treatment). The untreated free microspores underwent little change in their flavanol-staining behavior during the winter dormancy period and up to late pollen development when the study ended.
The cytoplasm and nuclei of microspores often stained greenish for flavonoids with the DBPA reagent (Figure 1n ). Early microspore nuclei variously stained from green to yellow with DBPA (Figure 1o ), whereas typical blue-colored nuclei were visible when stained with DMACA. Yellow-staining nuclei directly adjacent to the blue-stained nuclei were sometimes observed (Figure 1p , cell right*). However, especially in 2007, a pronounced green staining (representing a mixture of yellow and blue staining) was occasionally apparent, even when the microspores were stained with DMACA for flavanols (Figure 1q ). Such meiotic abnormalities occurred with a frequency of about 8% in 2007 (associated with hot spring weather) and 4% in both previous years.
Yew
Generally, nuclei of the large microspore mother cells of yew were clearly distinguishable from the surrounding cytoplasm because of their darker blue color (Figure 1r) . Typically, these nuclei were larger, between 12 and 16 µm in diameter, than those of the meiotic stages that followed. However, the bluestaining cytoplasm obscured the prophase nuclei (leptotene, zygotene and pachytene), and the later prophase stages (diplotene and diakinesis) when chromosomes begin to contract were also scarcely visible.
As meiosis progressed to metaphase I, a dense alignment of dark blue chromatids on the equatorial plane was observed (Figure 1s ). Chromatin is maximally condensed at metaphase. The surrounding cytoplasm often stained a pale reddish blue. Transition to telophase I yielded blue-stained daughter nuclei (dyad) with the cytoplasm still containing significant amounts of blue-staining flavanols (Figure 1t) .
During the early-middle tetrad stage, haploid microspores were formed (Figure 1u) , and the cytoplasm stained more intensely for flavanols compared with the late tetrads. Close inspection indicated a faint gray line along the callosic cell walls (Figure 1v ). Subsequently, when single sporocytes had just been released from the tetrads (early uni-nuclear microspore stage), the cytoplasm barely stained with DMACA, indicating the almost complete disappearance of flavanols (Figure 1w ). This pattern remained stable for 3 to 5 weeks. Later, at the mid-uninuclear stage, when the nuclear flavanols disappeared, a distinct bluish ring was frequently visible along the cell periphery (Figure 1x*, above) . However, a significant blue flavanol color occupying the entire nucleus generally appeared after incubating the microspores in the presence of cytokinin as shown in Figure 1x , (below). This cytokinin effect persisted throughout the remainder of the winter (late uni-nuclear state), as evaluated by absorption measurements of the blue nuclear color on three dates (Table 1) . For example, in January, values of 0.377 in the BA treatment and 0.056 in the controls indicated a 6.7-fold increase in flavanols in response to cytokinin.
Nuclei stained with DPBA had a yellow-greenish fluorescence owing to the presence of the flavonoids quercetin and myricetin. The cytoplasm around the nuclei stained with a more or less yellow or greenish tint and with varying intensity (Figure 1y ). Sometimes the yellow flavonols appeared to be in excess because the cytoplasm of the free microspores was quite yellow and the nuclei, when stained with DMACA, indicated a minor deposition of flavanols (Figure 1z ). Both nuclei (dyad) were ill-defined and diffuse in outline. The greenish appearance was the result of a combination of blue and yellow staining, and the incidence of such abnormal meiotic development was estimated to be about 3%. Table 1 . Semiquantitative determination of flavanols in nuclei of microspores of yellow cypress, juniper and yew either untreated or incubated for 54 h with 0.1 M benzylaminopurine (BA). Values are mean absorbances relative to colorless controls outside of the cell defined as having 100% transmission (polychromatic). Within a column, different letters indicate significant differences between means (P = 0.01, t-test), with the letter c indicating significant differences between corresponding BA-treated and untreated microspores. 
Flavanols in microspore nuclei
When the microsporocytes entered into the early free microspore stage (Table 2) , flavanols were confined almost exclusively to the nuclei for 3 to 6 weeks. In all species, catechin and epicatechin were the dominant flavanols. Epigallocatechin occurred in low amounts in juniper and yellow cypress (Table 2) . There were three unidentified minor flavanol peaks in cypress and six unknown peaks in both juniper and yew. Based on TLC, the appearance of diffuse flavanol streaking near the origin of the two solvent systems was indicative of polymerized compounds. This feature was more pronounced in yew (anthers and needles) than in cypress and juniper.
Freeze-dried anthers and young needles of yew were analyzed by HPLC. The amount of unidentified flavanols in the anthers was about five times higher than in the microsporocytes (Table 2) . Epidermal anther cells contained large blue-stained flavanolic central vacuoles, which likely account for the relatively large quantity of flavanols found in the anthers.
Flavonoid aglycones in microspore nuclei
Acid hydrolysis of the methanolic extracts allowed determination of flavonoid aglycones, which were present at concentrations below 1 mg g DM -1 in microspores of all species (Table 3) . Microspores of yellow cypress were exceptional in containing quercetin, apigenin, kaempferol and luteolin. In juniper, the dominant compound was quercetin followed by myricetin. The presence of quercetin and myricetin was a characteristic feature of yew anthers. Quercetin, kaempferol and myricetin are flavonols, whereas apigenin and luteolin are flavones.
Titration of histone H3 with quercetin, rutin and kaempferol
The associative behaviors of quercetin and its glycosylated compound rutin with histone H3 in 0.1 M Tris buffer (pH 8.0, 20°C) were analyzed by a spectrophotometric titration procedure. Titration spectra with H3 are shown in Figure 2 . The first spectrum (0 µl quercetin) is that of the pure H3 solution and the other spectra represent the addition of increasing amounts of quercetin to H3 (Figure 2) . Absorbance difference diagrams derived from these spectra are shown in Figure 3 (filled symbols) for different wavelength combinations. When quercetin was added to Tris buffer in the absence of H3, curves were obtained ( Figure 3 , open symbols) that did not coincide with the corresponding curves of the H3-quercetin titration. This behavior strongly suggests that quercetin associates with H3 in Tris buffer. The protein is not saturated with the polyphenol because the curves with and without H3 at the end of the titrations are not parallel (for theory see Polster et al. 2003) .
Different results were obtained when H3 was titrated with rutin in the same Tris buffer (Figure 4) , with the curves of the same wavelength in the presence and absence H3 grouping closely together compared with the corresponding curves in Figure 3 . This behavior indicates that the interactions between H3 and rutin in Tris buffer are weak relative to those between H3 and quercetin (when similar absorption behavior is assumed for the H3-quercetin and H3-rutin titration systems, see Polster et al. 2003) . Similarly weak interactions were observed between kaempferol and H3 in Tris buffer ( Figure 5) , and kaempferol-3-rhamnosidoglucoside and kaempferol-7-neohesperidoside showed even weaker interaction with H3 in Tris buffer (data not shown). 1788 FEUCHT, TREUTTER, DITHMAR AND POLSTER TREE PHYSIOLOGY VOLUME 28, 2008 
Discussion
Changing amounts of flavanols in nuclei and cytoplasm during microspore development
Recent studies have provided evidence that nuclei of developing tea sporocytes are associated with flavanols (Feucht et al. 2005) . During the premeiotic S-phase, when the rate of DNA synthesis doubles, the entire nuclear area is occupied by blue-colored flavanols when stained with DMACA. Later, during prophase, the chromosome threads are masked by abundant flavanols, and both DNA and RNA aggregate directly with tea catechins, especially with their galloyl esters (Kuzuhara et al. 2006) . Similarly, Böhl et al. (2007) reported that epigallocatechin can interact with nuclear actin during transcription. We have now extended these findings to microspores of three coniferous species, confirming the general nature of the phenomenon, as well as providing some evidence that flavanol deposition in microspores is functionally conserved during evolution.
Hydroxyl radicals and superoxides cause oxidative damage to DNA (Britt 1996) . Flavanols of grapevine seeds are capable of scavenging superoxide radicals, hydroxyl radicals and singlet oxygen in addition to protecting membrane lipids against catabolic oxidants (Janisch et al. 2006 ). These findings suggest that the pronounced accumulation of flavanols in meiotic microsporocytes serves to protect the meiotic machinery against oxidative damage. In comparison, mitotic somatic cells contain fewer flavanols surrounding the blue-staining chromosomes . The subsequent loss of the cytoplasmic and nuclear flavanols following completion of meiosis can be explained by the onset of winter dormancy in the species we studied, although other metabolic processes may play a role.
Are yellow-staining flavonoids dysfunctional in developing microspores?
Several studies have sought answers to the questions of whether and how flavonoids might enter the nucleus. The histological localization of flavonoids in nuclei has been described by Grandmaison and Ibrahim (1996) and Hutzler et al. (1998) . Recently Saslowski et al. (2005) provided new insights by demonstrating that chalcone isomerase and chalcone synthase, the enzymes catalyzing the first steps of the flavonoid pathway, are present in the nuclei of Arabidopsis, providing good evidence that one or more yellow-colored flavonoids are formed in the nuclei.
In an inbred line of Petunia, experimental application of micromolar quantities of kaempferol was capable of inducing pollen germination and pollen tube outgrowth (Mo et al. 1992) . Experimentally blocked flavonoid synthesis in tomato resulted in unpollinated, pathenocarpic fruits (Schijlen et al. 2007 ). In the three coniferous species we studied, 2-6% of the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com tetrads and free post-tetrad stages, the nuclei were found to be abnormal in their overall structure; turning green or yellow instead of producing a blue color indicative of flavanols when stained with DMACA. Nanomolar concentrations of flavonoids are suggested to have vital positive signal functions in pollen development (Taylor and Grotewold 2005) . For example, in vitro pollen tube development in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is significantly stimulated by flavonols such as kaempferol, quercetin and myricetin (Dumont-BéBoux and von Aderkas 1997). A temporary overproduction of yellow-fluorescing flavonoids in response to warm spring weather in the conifer species we studied (Table 2) could account for the frequency (3 to 8%) with which abnormal nuclei were observed.
Our study species all contained quercetin. Myricetin was additionally found in juniper and a rich array of aglycones was analyzed in yellow cypress, which contained, in addition to quercetin, apigenin, kaempferol and luteolin. KrauzeBaranowska (2004) found large differences in quercetin and kaempferol glycosides when comparing needles of several species and cultivars of the genus Taxus.
Loss of the nuclear flavanols during dormancy and recovery by cytokinin
At full dormancy, the nuclear flavanols rapidly disappeared, perhaps due to a drastic decline in cellular activity during overwintering. For example, the content of nucleic acids in dormant buds of cherry trees is low compared with that of swelling buds (Wang et al. 1985) . We found that when dormant microspores of cypress, juniper and yew were incubated for 54 h in the presence of a cytokinin (BA), the nuclear flavanols reappeared. Perhaps there is trigger mechanism involved in dormancy breaking in the conifer species we studied in which cytokinins and flavanols participate. Unfortunately, this will not be easy to demonstrate, because there are structurally and functionally different cytokinins in conifers (Doumas et al. 1989 ). However, Lavee (1973) reported that dormant buds of fruit trees resumed meristematic activity when treated with cytokinins. During midwinter, cytokinin concentrations are low in buds of Scots pine, but increased several-fold at the time of bud burst (Qamaruddin et al. 1990) . Similarly, cytokinins are undetectable in dormant rice seeds, but application of cytokinin breaks dormancy (Miyoshi and Sato 1997) . In grape vine callus, catechin acted like BA in that it simulated the growth enhancing effect of BA (Feucht et al. 1998) .
UV-VIS spectroscopic titrations
A special protein of the H3 histone family is strongly expressed during male gamete development (Okada et al. 2005) . H3 variants are highly phosphorylated during the first division of meiosis (Hamant et al. 2006) , and the H3 variant A is uniquely incorporated in centromers (Caroll and Straight 2006) . Polster et al. (2006) showed that quercetin and rutin show modified UV-VIS-spectroscopic behavior when mixed with histone sulfate in 0.1 M Tris buffer pH 8.0. We observed similar spectroscopic behavior of quercetin and H3, indicating strong interactions between these compounds. In contrast, H3 seems to interact only weakly with rutin, kaempferol, kaempferol-3-rhamnosidoglucoside and kaempferol-7-neohesperidoside (cf. Figures 3-5) .
Similar interactions may occur in the histone octamer complexes of chromatin although the physico-chemical environment in cell nuclei is not comparable with our in vitro assay conditions. Nevertheless, we have provided further evidence that individual histones, such as H3, have the potential to associate with flavonols ). Aglycones and their glucosylated compounds have different biochemical functions. For example, aglycones in white clover roots are highly active in auxin retention, whereas glycosides are not (Mathesius et al. 1998) . In Arabidopsis, the aglycone flavonoids quercetin and kaempferol that regulate auxin retention and transport accumulate in both a developmental and a tissue-specific manner (Peer et al. 2001) . In summary, catechins and quercetins have the potential to interact with histone proteins and perhaps other nuclear proteins, and appear to have a role during meiosis.
